The Structural, electronic and optical properties of cubic CaCu 3 Ti 4−x Ag x O 12 (x = 0, 0.5, 1, 1.5 and 2) perovskite ceramics have been investigated by the first principle method. The CaCu 3 Ti 4−x Ag x O 12 ceramics still maintains the bcc lattice and the lattice constants increase with the increasing Ag concentration. The formation energies of the CaCu 3 Ti 4−x Ag x O 12 ceramics are all negative, which indicates that the crystal structures of all ceramics are thermodynamically stable. Pure CaCu 3 Ti 4 O 12 ceramic has semiconductor properties, and the spin up and spin down energy band gaps of cubic CaCu 3 Ti 4 O 12 ceramic at the high symmetry point are 1.1891eV and 0.8527eV, respectively. After doping silver, however, the CaCu 3 Ti 4−x Ag x O 12 ceramics show metallic properties. The optical properties such as dielectric function, reflectivity, refractive index, photoconductivity, extinction coefficient, absorption coefficient and energy loss function are also discussed. in 2017.
I. INTRODUCTION
In recent years, cubic CaCu 3 Ti 4 O 12 perovskite ceramic has attracted a significant amount of attention due to its excellent properties and potential applications [1] , [2] . The excellent properties such as high dielectric permittivity, low dielectric losses and good temperature stability have been widely used in computer memory, microelectronic devices and multilayer ceramic capacitors [3] , [4] . At the same time, these materials have good application prospects in microwave resonators, gas sensors and switching devices [5] - [7] . Especially, high dielectric permittivity and thermal stability of cubic CaCu 3 Ti 4 O 12 ceramic are very important properties for energy storage devices [8] , [9] . Therefore, the dielectric permittivity of cubic CaCu 3 Ti 4 O 12 ceramic must be further improved. Of note, the optical properties of cubic CaCu 3 Ti 4 O 12 
ceramic have also been investigated in recent
The associate editor coordinating the review of this manuscript and approving it for publication was Kin Kee Chow. years [10] - [13] . Experimentally, silver doping can enhance the dielectric properties of cubic CaCu 3 Ti 4 O 12 ceramic [14] . However, so far, the effect of Ag doping on the structural, electronic and optical properties of cubic CaCu 3 Ti 4 O 12 ceramic is rarely reported, and the theoretical research is even less.
Herein, we report a detailed study on silver doping and its effects on the structural, electronic and optical properties of the CaCu 3 Ti 4−x Ag x O 12 (x = 0, 0.5, 1, 1.5 and 2) ceramics based on the first principles method. concentrations of silver are shown in Fig. 1 . On the basis of the pseudo-potential plane-wave within the DFT, the first principles method is used to calculate the results by using Vienna Ab-initio Simulation Package (VASP) [15] , [16] code. The interaction between core ion and valence electron is illustrated by using the projector augmented wave method (PAW) [17] . The valence electrons of Ca, Cu, Ti, Ag and O atoms are Ca-3p 6 4s 2 , Cu-3d 10 4s 1 , Ti-3d 2 4s 2 ,Ag-4d 10 5s 1 and O-2s 2 2p 4 , respectively. The exchange-correlation potentials are described with the generalized gradient approximation (GGA) by Perdew and Wang (PW91) [18] . The Brillouin-zone sampling k-point is 5 × 5 × 5 Monkhorst-Pack mesh [19] for all CaCu 3 Ti 4−x Ag x O 12 ceramics. The cutoff energy of all systems is 550ev. All the systems are calculated by Gaussian smearing method with a smearing width of 0.05ev. The convergence accuracy of total energy and interatomic forces is 10 −5 eV and 10 −3 eV/Å, respectively.
II. COMPUTATIONAL DETAILS
In addition, in order to obtain a reasonable band gap, the GGA + U method is chosen to calculate the electronic structures of all ceramics. The optical and magnetic properties of these ceramics are also calculated by using the GGA + U method. In the GGA + U calculations, the U value of Cu 3d orbital is set to 2eV, and the U values of other elements orbitals are set to zero. Previously, these U values are well tested to produce appropriate band gaps (spin up and spin down) for pure CaCu 3 Ti 4 O 12 ceramic. It should be noted here that the GGA+U method is to correctly describe the local electronic state of strong correlated d-electrons. However, Ti is in Ti +4 in the considered compound, and there are only 4 electrons in the pseudo-potential we used in our calculation, indicating that there is no d electron in the Ti-3d orbital, so GGA+U is not considered, and so is Ag.
Optical constants such as dielectric function ε (ω) and complex refractive index N (ω) are usually used to characterize macroscopic optical properties of solids. Optical parameters such as the imaginary and real parts of dielectric function can be derived from the definition of the direct transition probability and Kramas-Kronig dispersion relationship. The specific formulas of dielectric function are as follows:
where ε 1 (ω) and ε 2 (ω) are the real and imaginary parts, respectively. ε 0 is the dielectric constant in vacuum, ω is the angular frequency, V and C are the valence and conduction bands, respectively. BZ is the first Brillouin Zone, K is the electron reciprocal lattice vector, M V,C is the momentum transition matrix element, a is the unit direction vector, E V (K) and E C (K) are the intrinsic energy level of the valence and conduction bands, respectively. According to the dielectric function (3) and the complex refractive index (4):
where n(ω) is the refractive index and k(ω) is the extinction coefficient. The generalized Maxwell equations can be obtained as follows:
The absorption coefficient α(ω), reflectivity R(ω), complex conductivity σ (ω) and energy loss function L(ω) of cubic CaCu 3 Ti 4−x Ag x O 12 (x = 0, 0.5, 1, 1.5 and 2) ceramics can be derived by using dielectric function, as follows: defined as:
where N is the total number of Ca, Cu, Negative formation energy indicates that compounds are thermodynamically stable. The formation energy as a function of Ag concentration is summarized in Table 1 .
From Table 1 , we can see that at least 1:1 atomic ratio of Ti and Ag can be formed in the CaCu 3 Ti 4−x Ag x O 12 ceramics. It means that the crystal structures of the CaCu 3 Ti 4−x Ag x O 12 ceramics are thermodynamically stable. However, we can see that the formation energies of the CaCu 3 Ti 4−x Ag x O 12 ceramics increase with the increasing Ag concentration. It indicates that excessive silver content is not conducive to structural stability.
B. ELECTRONIC STRUCTURAL PROPERTIES
As shown on the left of Fig. 2 , the spin up and spin down energy band gaps of cubic CaCu 3 Ti 4 O 12 ceramic at the high symmetry point are 1.1891eV and 0.8527eV, respectively. It is closer to the experimental value of 1.97eV [2] , but much smaller than the other experimental values (About 3.2∼3.4eV) [9] , [10] . The reason for the underestimation lies in the limitation of DFT calculation [20] , which is used to calculate the ground state while the energy band gaps are based on the excited state. Namely, the DFT generally underestimates the band gaps of the materials, which is a disadvantage of the DFT, so there is an error in the quantitative description of the electronic structure of the DFT. At the same time, optical properties depend on the correct description of electronic structures, so optical properties can also produce errors.
However, it does not affect the theoretical analysis of the electronic structures of the CaCu 3 Ti 4−x Ag x O 12 ceramics. From Fig. 2 , we can see that the energy band gaps of the CaCu 3 Ti 4−x Ag x O 12 ceramics disappear with the intervention of silver element, and the materials exhibit metallic properties, which may be due to the quantum size effect, which makes the electron energy level near Fermi energy level change from continuous energy level to discrete energy level, which makes the energy level widen and the band gaps disappear. Especially in Fig. 2 , when the concentration of silver is less than 12.5% (x = 0.5), the spin-up and spin-down energy bands of the CaCu 3 Ti 4 O 12 and CaCu 3 Ti 3.5 Ag 0.5 O 12 ceramics show an asymmetric state. It means that the two ceramic materials have magnetic moment characteristics, which can be induced by the Cu valence electrons. Similarly, the same conclusions can be drawn from the TDOS analysis on the right side of Fig. 2 .
C. OPTICAL PROPERTIES 1) DIELECTRIC FUNCTION
Dielectric function serves as a bridge between the microphysical transition and electronic structure of a solid, and it can also derive other spectral information. The calculated the real and imaginary parts of dielectric function of the CaCu 3 Ti 4−x Ag x O 12 (x = 0, 0.5, 1, 1.5 and 2) ceramics are shown in Fig. 3 (a) and (b), respectively. Fig. 3(a) shows that the static dielectric constant of pure CaCu 3 Ti 4 O 12 ceramic is about 22.098. When the content of silver x = 0.5, 1 and 1.5, the static dielectric constants of these ceramics are lower than that of pure CaCu 3 Ti 4 O 12 ceramic. However, when the content of silver x = 2, the static dielectric constant of the CaCu 3 Ti 2 Ag 2 O 12 ceramic is as high as 78.811, which is much higher than that of pure CaCu 3 Ti 4 O 12 ceramic. It shows that doping a certain amount of silver can improve the static dielectric constant of pure CaCu 3 Ti 4 O 12 ceramic. However, the experimental result is that Ag doping increases the dielectric permittivity, from 8000 to 10200 [14] . The result of our calculation also increases the dielectric constant, from 22.098 to 78.811. The amount we increase is larger because the doping concentration is higher. The absolute value varies greatly because the unit system is different. We only care about the trend, which doesn't affect the analysis of the results. The imaginary part of dielectric function is generated by electron transition, which reflects the transition intensity of photoelectrons. From Fig. 3 (b) , we can see that when the silver content x = 0.5, 1 and 1.5, these peaks do not change much comparing with that of pure CaCu 3 Ti 4 O 12 ceramic. However, when the silver content x = 2, the highest peak value is 52.433, which is much higher than that of pure CaCu 3 Ti 4 O 12 ceramic. It shows that doping a certain amount of silver can also enhance the intensity of photoelectron transition.
2) REFLECTIVITY AND REFRACTIVE INDEX
The reflectivity and refractive index of the CaCu 3 Ti 4−x Ag x O 12 (x = 0, 0.5, 1, 1.5 and 2) ceramics are shown in Fig. 3 (c) and (d) , respectively. We can see that the reflection area increases with the increase of silver content until x = 1.5. When x = 2, the reflective region narrows obviously. At the same time, the peak values of reflection are generally lower and the number of high peak is less. It is very advantageous for the application of ceramic materials to the absorption and refraction properties of light. The refractive index of pure CaCu 3 Ti 4 O 12 ceramic is about 4.701, which corresponding to the static dielectric constant of Fig. 3 (a) . When the content of silver x = 0.5, 1 and 1.5, the refractive index peak values of these ceramics are lower than that of pure CaCu 3 Ti 4 O 12 ceramic. However, the number of peaks increased significantly. At the same time, when x = 2, the maximum value reaches 8.878, which is obviously higher than that of pure CaCu 3 Ti 4 O 12 ceramic, indicating that doping a certain amount of silver can improve the refractive index of ceramics locally.
3) PHOTOCONDUCTIVITY AND EXTINCTION COEFFICIENT
Photoconductivity as a physical parameter for described the relationship between material conductivity and illumination energy. Fig. 4 (a) describes the real part of the photoconductivity. According to Eq. (11), the real part of the photoconductivity corresponds to the imaginary part of the dielectric function. We can see that the photoconductivity of pure CaCu 3 Ti 4 O 12 ceramic only a few peaks, VOLUME 8, 2020 of which the highest peak is 2.784 and the corresponding energy is 9.444eV. When the content of silver x = 0.5 and 1, the photoconductivity of ceramics has several peaks, but the photoconductivity is all lower than that of pure CaCu 3 Ti 4 O 12 ceramic, the highest peak is 2.539 and the corresponding energy is 35.062eV. However, when the silver content x = 1.5 and 2, the peaks number of photoconductivity of ceramics decreases, but the highest peak values of photoconductivity of both ceramics are higher than that of pure CaCu 3 Ti 4 O 12 ceramic. The highest peak values are 3.673 and 6.361, respectively, and the corresponding energies are 3.324eV and 36.118eV, respectively. The results show that doping a certain amount of silver can improve the photoconductivity of ceramics locally.
Extinction coefficient generally corresponds to reflectivity, namely, the larger the extinction coefficient, the faster the attenuation of light amplitude, the less light energy entering the metal, and the higher the reflectivity, vice versa. We can see from Fig. 3 (c) and Fig. 4 (b) that the two figures are basically corresponding. It can also be seen from Fig. 3 (c) that the peak values of extinction coefficient are generally lower and the number of high peak is less. This again shows that doping silver is beneficial to the absorption and refraction of light in the CaCu 3 Ti 4 O 12 ceramic.
4) ABSORPTION COEFFICIENT AND ENERGY LOSS FUNCTION
Absorption coefficient reflects the measurement of light absorption ability of ceramics. When light propagates in the medium, the phenomenon of the intensity of light decreases with the propagation distance (penetration depth) is called light absorption.
The absorption of light follows the Beer-Lambert law, and its equation is:
where I is the outgoing Light Intensity; I o is the incidental light intensity; K is the molar absorption coefficient, which is dependent on the nature of the absorbent or the wavelength of the incident light and the absorption coefficient is a constant in the Beer-Lambert law; C is the absorbent concentration and L is the absorbent thickness. As can be seen from Fig. 4 (c) , doping silver in pure CaCu 3 Ti 4 O 12 ceramic produces multiple peaks at different energy locations, which is conducive to light absorption. Especially when x = 2, the highest peak value reaches 65.579, which is much higher than that of pure CaCu 3 Ti 4 O 12 ceramic at 23.353.
As can be seen from Fig. 4 (d) , the energy loss function of pure CaCu 3 Ti 4 O 12 ceramic with doping silver also generates multiple peaks at different energy locations, but these peaks are relatively small. Although a high peak value of 8.895 appears at x = 1.5, it is higher than the peak value of 3.450 for pure CaCu 3 Ti 4 O 12 ceramic. However, the peak values of other energy corresponding locations are smaller, and there are no energy losses in most positions.
IV. SUMMARIES AND CONCLUSIONS
In this paper, the structural, electronic and optical properties of the CaCu 3 Ti 4−x Ag x O 12 (x = 0, 0.5, 1, 1.5 and 2) ceramics are investigated by the first principle method. The main conclusions are as follows:
(1)The CaCu 3 Ti 4−x Ag x O 12 ceramics still maintains the bcc lattice and the lattice constants increase with the increasing Ag concentration.
(2) At least 1:1 atomic ratio of Ti and Ag can be formed in BCC lattice of the CaCu 3 Ti 4−x Ag x O 12 ceramics, which shows that the structures of the CaCu 3 Ti 4−x Ag x O 12 ceramics are thermodynamically stable.
(3)Pure CaCu 3 Ti 4 O 12 ceramic has semiconductor properties; after doping silver, however, the CaCu 3 Ti 4−x Ag x O 12 ceramics show metallic properties.
(4) Doping a certain amount of Ag element can improve the dielectric function of pure CaCu 3 Ti 4 O 12 ceramic. At the same time, it also enhances the refractive index, photoconductivity, absorption coefficient and reduces the reflectivity, extinction coefficient, energy loss function.
